If natural selection on fluctuating asymmetry (FA) is common and related to trait functionality, then vestigial traits should show elevated FA. Moreover, if FA increases with heterozygosity, then haploid males of haplodiploid taxa should exhibit higher PA than diploid females. We measured fluctuating asymmetry of functional traits (fore femora of soldier morphs and disperser morphs, and wings of dispersers) and a vestigial trait (wings of soldiers) in the eusocial haplodiploid gall thrips Oncothrips tepperi (Insecta: Thysanoptera). Wing FA, but not femur PA, was substantially and significantly higher in soldiers than in dispersers in both sexes. Patterns of intersexual variation in FA were complex: for wings, female soldiers had higher FA than male soldiers but male dispersers had higher FA than female dispersers, and for femora, males and females did not differ in FA in either morph. Our results suggest that vestigial traits exhibit higher FA because of relaxation of selection for functionality, and that haploidy does not necessarily lead to increased FA in males of haplodiploid taxa.
Introduction
Determination of the causes of variation among traits and individuals in fluctuating asymmetry (FA), random left and right deviations from bilateral symmetry, is an important unresolved question in the study of evolution and development (reviewed in Palmer & Strobeck, 1986; Palmer, 1994 Palmer, , 1996 . To address this question it is necessary to understand the patterns of causation of FA variability by genetic and epigenetic processes, and to analyse the presence and strength of phenotypic selection on FA.
The main hypothesized causes of FA variation among individuals, populations and species include heterozygosity, genes of large effect, inbreeding, stress and genomic co-adaptation (Parsons, 1990 (Parsons, , 1992 Patterson & Patton 1990; Clarke et al., 1992; Fowler & Whitlock, 1994; Mitton, 1994; Polak & Trivers, 1994) . Of these, the role of heterozygosity in influencing FA has been especially controversial, because studies involving estimation of genome-wide heterozygosity, and studies of effects of inbreeding, have often yielded discordant results among taxa (e.g. Leary et a!., 1984 Leary et a!., , 1985 Beacham & Withler, *Correspondence. E-mail: crespi@sfu.ca 1985 , 1987 Clarke et al., 1986; Keller & Passera, 1993; Mitton, 1994) . Moreover, analysis of differences in PA between males and females of haplodipbid taxa have thus far been limited to a single, unusual species, the domesticated honeybee Apis mellifera (Bruckner, 1975; Clarke et a!., 1986 Clarke et a!., , 1992  lems involved in measuring and analysing FA (Palmer, 1994 (Palmer, , 1996 , especially the lack of quantification of measurement error (see Yezerinac et a!., 1992) ; and (4) weak, nonsignificant correlations between FA of different traits among individuals within species (Dufour & Weatherhead, 1996) . Only one study has focused on effects of functionality on FA, reporting higher FA in the legs than the wings of a species of bat (Gummer & Brigham, 1995) . However, this study admittedly suffers from potential statistical difficulties, and a study of FA in multiple traits of blackbirds found apparently higher FA in wing measures than leg measures (Dufour & Weatherhead, 1996) . Thus, the intensity, objects and form of selection on FA, and the presence and magnitude of associations between 'genetic quality' and FA, remain largely obscure.
In this study we tested for effects of trait functionality and ploidy on FA in the haplodiploid gallforming thrips Oncothrips tepperi. This thrips exhibits two distinct morphs, winged dispersers and wingreduced 'soldiers' of both sexes that apparently do not leave their gall (Crespi, 1992a,b; Crespi & Mound, 1997) . Both dispersers and soldiers use their forelegs for fighting and walking, but only dispersers use their wings for flight; thus, wings in soldiers can be considered vestigial (reviewed in Fong et a!., 1995) . To analyse effects of trait functionality we compared FA in fore femur length and wing length between dispersers and soldiers, and to analyse effects of ploidy we compared FA for these two traits between haploid males and diploid females.
We predicted: (i) higher FA in the wings of soldiers, which are vestigial, than in the functional wings of dispersers, but no difference between morphs for FA of the fore femora, which are functional in both morphs, and (ii) higher FA in haploid males than diploid females, if ploidy influences FA.
Methods

Study animals
Oncothrips tepperi forms galls on Acacia oswaldi in arid zone Australia (Crespi, 1992a,b; Crespi & Mound, 1997; wings, and they disperse from the gall. As in almost all other cases of wing dimorphism, morphological and behavioural differences between soldiers and dispersers are apparently caused mainly by phenotypic plasticity rather than genetic differences between morphs (reviewed in Roff, 1990) . Disperser sex ratios are typically about 1:6 female-biased (Crespi, 1992a (Crespi, , 1993 , and females are moderately inbred, with an FIS-value of 0.48 (SE = 0.178) estimated from microsatellite typing of one locus for soldiers and dispersers from 11 galls (T. W.
Chapman & B. J. Crespi, unpubl. data).
Collection and measurement
The galls containing thrips were collected from a single tree 6 km west of Coolamon, New South
Wales, on 23 June 1993, and stored in 100 per cent ethanol until measurement. Fore femora and forewings were removed and mounted on slides in
Berlese mountant, and measured with a Mitutoyo from 10 random subsamples (of N = 13), and observed FA1O was 14 per cent higher than FA1O from subsamples. For femora of soldier females, observed FA1 (with N = 32) was 30 per cent higher than FA1 from subsamples (of N = 13), and observed FA1O was 19 per cent higher than FA1O from subsamples (see Table 2 for observed values). We conclude that our FA values for soldier males are probably downwardly biased by approximately these amounts, and we interpret our results accordingly.
Statistical analyses were conducted in Systat, Statview, and using an Excel spreadsheet, based on formulae and analyses in Palmer (1994) . Note that parametric tests using FA1 correspond to Levene's test of variance heterogeneity (see Palmer, 1994, section 13 .2), and are thus statistically valid despite the truncated normal distribution of the data. Tests comparing samples using FA1O, a measure of FA corrected for measurement error, involve simple F-tests comparing variances (Palmer, 1994, section 13.1). Degrees of freedom for FA1O are approximate (Palmer, 1994, section 3.2) and are rounded down for variance comparisons to make these tests more conservative.
Results
Character size, measurement error and asymmetry Soldiers had shorter wings than dispersers in both females (t = 21.8, P <0.001) and males (t = 11.3, P <0.001) ( Table 1) . By contrast, disperser females had slightly longer fore femora than soldier females (t = 2.14, P <0.05), but disperser males did not differ from soldier males in femur length (t = 1.13,
P>0.25).
No significant directional asymmetry was found in any of the samples for either trait (P>0.05 for each sex-morph-trait combination), nor did histograms of FA1 reveal any sign of bimodality that would indicate the presence of antisymmetry. Fluctuating asymmetry was significantly larger than measurement error in all of the samples (P <0.05 for the femora of soldier males, P <0.0025 for all others). Individuals from different galls did not vary in FA1 for either trait in disperser males or in disperser females (ANOVAS, P>0.35 for each test). By contrast, trait size varied significantly among galls for disperser female wings and femora, and for disperser male wings (&r'ovAs, P<0.025 for each test; P = 0.064 for disperser male femora; within-gall samples were too small to conduct these tests with soldiers). Wing FA1 was uncorrelated with femur FA1 in female dispersers (product-moment correlation, r = 0.127), female soldiers (r = -0.069), male dispersers (r = -0.031), and male soldiers (r = 0.053; all nonsignificant at P>0.25, sample sizes as in Table 2 ).
Effects of sex and morph on FA We compared FA1 between the two morphs, and between females and males, using two-way ANOVAS (Table 3 ). For wings, there was a strong, significant effect of morph, with FA1 about 10 times higher in soldier females than in disperser females and about four times higher in soldier males than in disperser males (Tables 2 and 3 ). Wing FA corrected for measurement error (FA1O in Table 2 ) exhibited an For femora, FA1 values were similar between morphs in both sexes (Table 2) , and the two-way ANOVA indicated a lack of significant difference between morphs (Table 3) . Similarly, there were no differences in FA1O for either comparison (P>0.25 for each).
Our prediction of consistently higher FA in males than in females was not supported. For femora, there were no significant differences between the two sexes for FA1 (Tables 2 and 3) . By contrast, the two-way ANOVA of wing FA1 (Table 3 ) yielded a significant sex-by-morph interaction effect, which indicates that any differences between the sexes differ between the morphs. In particular, mean FA1
was about twice as large for soldier females than soldier males, and about 20 per cent larger in disperser males than disperser females ( Table 2) . Patterns of intersexual difference in FA1O paralleled those for FA1. Thus, for wings, FA1O was higher in disperser males than in disperser females (F19,31 = 2.30; P <0.05); by contrast, FA1O was higher in soldier females than in soldier males (F33,11 = 3.75; P <0.01). For femora, intersexual comparisons of both dispersers and soldiers for FA1O showed a lack of significance (P>O.20 for each).
A possible explanation for the high FA1 and FA1O in wings of soldier females relative to soldier males follows from inspection of the relationships significant intersexual patterns that were not as clearly demonstrable with the uncorrected FA measure (PAl). These findings should encourage future researchers studying FA variation to correct for measurement error as an integral part of their analyses (see also Palmer, 1996) . Because 0. tepperi exhibits inbreeding, which is consistent with its female-biased sex ratio (Crespi, 1992a (Crespi, ,b, 1993 T. W. Chapman & B. J. Crespi, unpubl . data), differences in heterozygosity between males and females that could contribute to intersexual FA variation are smaller than in outbred species. However, we note that higher FA in males than females is retained under high inbreeding levels in the haplodiploid bee Apis mellifera (Clarke et al., 1986 (Clarke et al., , 1992 , which suggests that if there were intersexual FA differences arising from ploidy alone, they should be apparent even though 0. tepperi inbreeds. Further tests of the influences of ploidy and heterozygosity on FA could use additional haplodiploid taxa such as some beetles, other thrips, nematodes, mites or rotifers (see Wrensch & Ebbert, 1993) , and couple FA analysis with measurement and manipulation of genetic variation.
